Arterial calcification may lead to regional variation in distension imposing stresses on the arterial wall that predispose to plaque rupture. The objective of this study was to use a novel speckle tracking method to investigate regional motion of the carotid wall and to determine whether this relates to subclinical disease. Measurements were obtained on 256 subjects from the Twins UK cohort (mean ± SD age 62 ± 10.2 years). The left carotid was imaged for an assessment of plaque and calcification. Speckle-tracking was then used to measure regional circumferential strain of the left common carotid in 6 separate 60° segments of the circumference of the arterial wall in a plaque free plane of the common carotid approximately 1 cm proximal to the bifurcation. Regional variation in circumferential strain around the circumference of the arterial wall was characterized by the standard deviation of circumferential strain and that of the time from onset of systole to peak circumferential strain in each segment. Spatio-temporal variation in circumferential strain characterized by variation in the time to peak circumferential strain was associated with age and presence of calcified plaque (regression coefficients 0.73 units/year and 14.2 increase for presence of calcified plaque, each P<0.001) independent of other confounding factors and of other measures of arterial wall damage such as carotid intima-media thickening, carotid distensibility and carotid-femoral pulse wave velocity. Arterial ageing and calcification are associated with spatio-temporal variation in distension of the carotid artery.
Introduction
Ultrasound imaging of the carotid artery is widely used in the evaluation of arterial health. Intima-media thickening and presence of atherosclerotic plaque are both associated with increased risk of coronary events and stroke but the presence of plaque, particularly calcified plaque, confers greater risk [1] [2] [3] [4] . Arterial stiffening has also received much attention because it may precede structurally apparent change in the arterial wall. However, although carotid-femoral pulse wave velocity (PWV), an integrated measure of stiffness mainly along the aorta is a measure of risk of CVD events [5] , measures of carotid artery distensibility do not appear predict risk in the general population [6, 7] . Pathological change in the arterial wall particularly that associated with atherosclerotic plaque is highly variable in its distribution. This might be expected to lead to regional variation in distension of the arterial wall. Such variation could impose high levels of wall stress predisposing to plaque rupture [8] [9] [10] and could be a useful marker of risk of cardiovascular events associated with subclinical disease. Here we describe application of 2-D speckle tracking, developed to study regional wall motion in the heart to characterise spatio-temporal variation in distension of the common carotid artery. We used this to examine the relation of variation in wall movement to risk factors and presence of calcified plaque, calcification being a focal process expected to lead to regional variation in stiffening and known to be associated with a high risk of cardiovascular events [3] .
Methods

Study population
Two hundreds and fifty-six asymptotic individuals (mean ± SD age of 62 ± 10.2 years) were enrolled from a study on vascular ageing in the Twins UK cohort. This is a cohort of predominantly female middle-aged subjects with lifestyle characteristics such as smoking and cardiovascular risk factors similar to that of the general population. The study included measurement of biochemical risk factors, central and peripheral blood pressure, carotid-femoral pulse wave velocity (cfPWV) and measurement of carotid wall properties. The study was approved by St Thomas' Hospital Research Ethics Committee, and written informed consent was obtained from all subjects. The sub-sample of Twins UK participating in the present study was consecutively recruited subjects over the period from Dec.2012 to Feb.2014. A sample size of>250 was estimated (from previous statistics on Twins UK) to provide at least 50 subjects with calcified plaque and to allow a difference of 0.5 SD in measures of strain to be detected between subject with and without calcified plaque.
Norway) was used to measure regional circumferential strain of the common carotid wall. The intima of the artery was outlined manually at the end of systole and the speckle tracking software used to trace circumferential strain in 6 separate 60° segments of the circumference of the arterial wall (Figure 1 ). Peak systolic circumferential strain (CS p ) and time of peak circumferential strain (CS tp ) where recorded for each of the 60° segments. The standard deviations (SD) of these values over the 6 segments were used as measures of variation in peak circumferential distension (VCS p ), and time of peak circumferential distension (VCS tp ) respectively. A sub-sample of 20 subjects selected at random were scanned and measured on two occasions to assess the repeatability of the measures VCS p and VCS tp .
Statistical analysis
Subject characteristics are presented as means ± SD; all other results are presented as means ± SE. Subject characteristics were compared with Student's unpaired t-test or by Chi-squared test for categorical values. The relation between measures of variation in circumferential strain (VCS p and VCS tp ) with cardiovascular risk factors, carotid IMT and cfPWV was explored by univariate and multivariate regression analysis (with dummy variables for categorical values). Blood pressure components included in the primary analysis were mean arterial pressure (MAP) and central pulse pressure since strain is proportional to pulse pressure (and distensibility). Multivariate regression analysis was done by forcing all confounding variables into the model and by backward stepwise elimination. Mean values of CS p and CS tp (for VCS p and VCS tp respectively) were included in all regression models (but were allowed to step out of backward models) to account for variation being proportional to mean values. Analysis of covariance (ANCOVA) was used to compare VCS p and VCS tp in subjects with and without calcified and non-calcified carotid artery plaque with adjustment for age, sex and risk factors. IBM SPSS statistical software version 21 (SPSS Inc., UK) was used for all analysis. P<0.05 was considered significant.
Results
Subject characteristics are summarized in Table 1 . Typical circumferential strain curves for each of the 6 segments of the circumference of the common carotid are shown in Figure 1 . In young subjects with plaque free walls, strain curves were similar in each segment whereas, in older subjects and particularly in those in whom calcified plaque was present, there was marked spatial and temporal variation in circumferential strain ( Figure 1 ). measured in duplicate, with a validated oscillometric device (Omron 705CP, Omron, Tokyo, Japan) after subjects had rested supine for at least 10 min. Radial tonometry was performed using the SphygmoCor system (Atcor Medical, Sydney, Australia) and central blood pressure components obtained using the SphygmoCor transfer function with calibration from brachial systolic and diastolic blood pressures. cfPWV was measured using sequential carotid/femoral ECG referenced applanation tonometry with the SphygmoCor system. The path distance was estimated from the distance between the sternal notch and femoral artery at the point of applanation. At least 2 sequential measurements meeting the inbuilt quality control criteria of the SphygmoCor system were obtained and the mean value used for analysis.
2D ultrasonography
The carotid arteries were scanned by GE VIVID7 scanner with 12 MHz linear transducer. Arterial walls were examined for plaque in the common carotids, at the carotid bifurcations and origins of the internal and external carotid arteries. Plaque was defined in the longitudinal view as focal widening and protrusion into the lumen of ≥ 1.5 mm thickness relative to neighboring areas and confirmed in transverse view. Plaque was graded according to echogenicity into predominately echolucent/noncalcified (>50% of similar echogenicity to blood), as a soft plaque, or echogenic/calcified (>50% of similar echogenicity to the bright echo of the media-adventitia interface, as a hard plaque).
Optimal dynamic long and short axis images were acquired in a plaque free segment of the common carotid artery 1-2 cm proximal to the carotid bulb, using a high frame rate (65 frames/second). Three cardiac cycles were stored in a cine loop for subsequent post-processing. Common carotid intima-media thickness (IMT) was determined using computer semi-automated edge detective software (Medical Imaging Applications, Coralville, Iowa). Mean values of IMT of the near and far walls were used for analysis.
Two dimensional speckle tracking analysis of carotid wall distension
Two dimensional speckle tracking analysis (2D-ST) was performed in a plaque free segment of the left common carotid at a point approximately 1 cm proximal to the carotid bulb. Short axis (cross-plane) images were acquired at a frame rate of 65 frames/second) over three cardiac cycles. Speckle-tracking technology developed to determine regional myocardial wall strain (EchoPac, version 7.0, GE Healthcare,
Strain (%) Figure 1 : Variation in strain around the circumference of the common carotid artery. a) Circumferential strain is measured in six 60º colour coded segments. b) Strain curves in a young health subject with no evidence of calcification. c) Strain curves in an older subject with calcified plaque elsewhere in the carotid. Older subjects show marked variation in peak circumferential strain; older subjects with calcification show marked variation in time to peak circumferential strain.
In subjects scanned on 2 occasions mean values of VCS p and VCS tp were 2.9 ± 0.34% and 68.8 ± 4.9 ms (means ± SE) and the mean differences of the measurements on the two occasions were 0.10 ± 0.37% and -4.0 ± 0.10.0 ms (means ± SD) for VCS p and VCS tp respectively giving coefficients of variation of 12.8% and 14.6% for VCS p and VCS tp respectively. VCS p was correlated with age, presence of hypertension and weakly with serum lipids but not with presence of plaque (on univariate or mutivariate analysis, Table 2 ). Similar results were observed when considering variation of the ratio of strain to cPP (i.e., regional distensibility) or using values of strain normalized for mean strain (data not shown). By contrast, VCS tp was significantly correlated with age and calcified plaque (on univariate or mutivariate analysis, Table  2 ) as well as with body mass index and negatively correlated with heart rate ( Table 2) . The relationship between VCS tp , age and presence of calcified plaque remained significant when all confounding factors were forced into the regression model (Table 2 ) and, furthermore, remained significant when any or all of IMT, average carotid distensibility and cfPWV were incorporated in the regression model (each P<0.001).
Discussion
Elasticity of the carotid artery is usually assessed by measuring radial distension of the artery in a single transverse-plane dimension, with the assumption that elastic properties at a given plane through the cross-section of the artery are homogeneous and that strain around the circumference of the artery is constant [11, 12] . 2-D speckle tracking imaging originally developed to study regional myocardial wall motion can be used to assess the arterial strain. Initial studies have focused on global strain (i.e., total circumferential strain) or peak segmental strain [13] [14] [15] . However dyssncrony of carotid wall strain has been demonstrated in patients with Marfan's syndrome [16] .
The novel finding of the present study is that whilst 2-dimensional cross-plane circumferential strain is similar in young healthy subjects, marked heterogeneity exists in older subjects such that there is marked spatio-temporal variation of circumferential strain according to angular position around the circumference of the artery. Such variation in strain will increase shearing forces within the arterial wall and is thus likely to increase the propensity to plaque rupture [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . We found that this variation in strain increased with age and with the presence of calcified plaque elsewhere within the artery. It is notable that calcified plaque is associated both with increased integrative measures of arterial stiffness, as measured by cfPWV [18, 19] and, except in subjects with advanced plaques [20, 21] (where calcification may confer stabilisation) [3] , calcification is associated with increased risk of cardiovascular events [1, 3, 4] . Thus calcified plaque may be a marker for a heterogenous process of arterial stiffening, not necessarily limited to the site of macroscopically evident calcified atherosclerotic plaque that leads to spatio-temporal variation in arterial distension and distensibility and wall stress predisposing to plaque rupture.
There are two main implications of our findings. First, measures of distensibility obtained by a single transverse plane of the artery may be unrepresentative of the average distensibility of the artery, potentially impacting on the reliability of the measure in risk stratification. This could explain why, although correlated with cfPWV, measures of carotid distensibility are less predictive of cardiovascular events than those of cfPWV. Secondly, the indices of regional variability that we have described might provide sensitive measures of risk of cardiovascular events, acting as marker of arterial disease and/or predisposition to plaque rupture. Prospective outcome studies will, however, be required to test this hypothesis. They may also provide measures of structural change that are less dependent on blood pressure than existing measures of elasticity such as carotid distensibility and cfPWV. These existing measures are heavily dependent on transmural pressure and hence on mean arterial blood pressure distending the artery wall and transferring stress onto stiffer elements within the arterial wall. Variation in strain, however, may be less sensitive to absolute distension and distensibility as suggested by results from the present study in which VCS tp was unrelated to blood pressure components. This is a potentially important property since it might permit the distinction between interventions that specifically ameliorate arterial stiffening through a direct action on the arterial wall and those that do so indirectly simply by lowering blood pressure.
In conclusion, older subject, particularly those with evidence of calcified arterial plaque exhibit marked regional variation in carotid wall distension likely to predispose to plaque rupture. Measures of regional wall variation are repeatable and prospective studies to determine their potential in risk stratification and as a target for cardiovascular interventions are merited. 
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Novelty and Significance
What's new
Wall speckle-tracking the carotid artery reveals marked spatiotemporal variation in distension of the carotid artery that associates with calcification.
What's relevant
Spatio-temporal variation in distension of the carotid artery could predispose to plaque rupture and may act as a marker of arterial wall stiffening that is independent of blood pressure.
Summary
Spatio-temporal variation in distension of the carotid artery associates with ageing and arterial calcification. It may predispose to plaque rupture and act as a marker of arterial wall stiffening that is.
